Fabry disease is an X-linked lysosomal disease caused by deficiency of ␣-galactosidase A. Signs and symptoms of Fabry disease occurring during childhood and adolescence were characterized in 352 Fabry Registry patients. At enrollment (median age 12 year), 77% of males and 51% of females reported symptoms. The median age of symptom onset was 6 year in males and 9 year in females. The most frequent symptom, neuropathic pain, was reported by 59% of males (median age 7 year) and 41% of females (median age 9 year). Gastrointestinal symptoms were reported by 18% of children (median age 5 year in males and 9.5 year in females). Males exhibited height and weight values below the US 50th percentile. Females had weight values above the US 50th percentile. A few patients had serious renal and cardiac manifestations, stage 2 or 3 chronic kidney disease (n ϭ 3), arrhythmia (n ϭ 9), and left ventricular hypertrophy (n ϭ 3). Thus, many pediatric Fabry patients report early symptoms, particularly pain, gastrointestinal symptoms, and impaired quality of life. Some children experience major complications during the pediatric years. (Pediatr Res 64: 550-555, 2008) 
F abry disease is an X-linked disorder characterized by deficient activity of the lysosomal hydrolase, ␣-galactosidase A (1). Affected patients cannot effectively metabolize membrane glycosphingolipids, particularly globotriaosylceramide (GL-3), resulting in its accumulation in the vascular endothelium of various tissues (2) . Accumulation of GL-3 eventually leads to life-threatening renal, cardiac, and cerebrovascular complications, typically during the third to fifth decades of life (2, 3) . Enzyme replacement therapy (ERT) reduces GL-3 accumulation in plasma and in the vascular endothelium of several tissues and attenuates many manifestations of the disease in adults (4 -7) . However, it is unclear whether initiation of ERT during childhood can prevent the end-organ manifestations of Fabry disease that occur during adulthood (8 -10) .
The symptoms of Fabry disease most often experienced by children include pain, gastrointestinal dysfunction, hypohidrosis, and abnormal heat and cold tolerance (11) (12) (13) . Although not life-threatening, these symptoms clearly impact the health and function of affected children. A better understanding of the manifestations of Fabry disease during childhood will provide valuable information about how this disorder progresses.
To date, 3 descriptive studies have been published on Fabry disease in a total of 142 pediatric patients (11) (12) (13) . Three clinical studies evaluated the effects of ERT in 53 children (8 -10) . The Fabry Registry, an observational database that tracks the natural history and outcomes of patients with Fabry disease, has now collected detailed clinical data from 352 pediatric patients. These data were analyzed to better understand Fabry disease during childhood and adolescence, before treatment with ERT.
METHODS
Fabry Registry. The Fabry Registry is administered by Genzyme Corporation as a postmarketing regulatory commitment. All patients with Fabry disease, whether or not they receive ERT and irrespective of the commercial product with which they are treated, are eligible to enroll. Participation in the Fabry Registry is voluntary. The parents or legal guardians of pediatric patients (age Ͻ18 year) provided informed consent, and consent could be withdrawn at any time. At each site, patient participation was approved and monitored by local institutional review boards or by a governing body such as the Western Institutional Review Board, for smaller sites that did not have a local institutional review board. Treating physicians determine the frequency of necessary assessments according to a patient's individualized need for medical care and routine follow-up. A recommended schedule of assessments for patients with Fabry disease is available at http://www.fabryregistry.com.
Data analysis and statistics. Data included in these analyses were obtained before initiation of ERT or from patients who had never received ERT, except where indicated otherwise. Data were collected through standardized case report forms, which are submitted to the Fabry Registry for central analysis.
The following statistical analyses were used: two-sample median test to compare age at symptom onset by gender; two-sample t test with equal variances to compare age at onset of symptoms and to compare "average pain" scores in the Brief Pain Inventory (BPI) instrument between genders; two-sample t test with unequal variances to compare "worst pain" BPI scores between genders; two sample t test to compare Short Form 36 (SF-36) Health Status Questionnaire scores in Fabry patients to scores of the general  population; and Fisher's exact test to compare percentage of males and  females presenting with neuropathic pain, gastrointestinal symptoms, abnormal sweating, heat intolerance, cold intolerance, chronic pain, pain therapy,  and acute pain crises. Cardiovascular assessments. Cardiovascular examinations included electrocardiograms and/or echocardiograms. Treating physicians indicated whether any cardiac abnormalities were present, including sinus rhythm abnormalities, conduction abnormalities, valvular dysfunction, wall motion abnormalities, hypertrophy, and left ventricular hypertrophy.
Renal assessments. Renal function was assessed by calculation of estimated GFR (eGFR), using the Schwartz formula:
where the constant k is set at 0.55 in children and adolescent girls, and 0.70 in adolescent boys (14) . Serum creatinine values Ͻ0.2 mg/dL were excluded from the analyses. Height measurements obtained Ϯ 3 mo from the time the corresponding serum creatinine values were obtained were used to calculate eGFR.
Definition of cardiac, renal, and cerebrovascular events. Cardiovascular events were defined as myocardial infarction, significant cardiac procedures (such as pacemaker placement, bypass, stent placement, valve replacement, transplantation, etc.), arrhythmia, angina pectoris, congestive heart failure, or left ventricular hypertrophy. Cerebrovascular clinical events were defined as stroke. Renal clinical events were defined as dialysis or kidney transplantation.
Pain assessments. Pain was measured in patients age Ն12 to Ͻ18 year with the BPI instrument, which assesses pain by asking patients to evaluate pain on a scale of 0 to 10, where 0 is no pain and 10 is pain "as bad as you can imagine." BPI scores were divided into severity categories with 0 -3 representing mild, 4 -6 moderate, and 7-10 severe pain.
Quality of life. Health-related quality of life was measured in patients age Ն14 to Ͻ18 year with the SF-36 health-related quality of life survey (15) . Scores for the 8 subscales (Physical Functioning, Role Physical, Body Pain, General Health, Vitality, Social Functioning, Role Emotional, and Mental Health) are based on a 100-point scale, with a higher score indicating better quality of life. This instrument is suitable for use in patients' age 14 and older (16) . However, the youngest age category for which gender-specific SF-36 norm data are available from the general population is 18 to Ͻ25 year (personal communication, Michael DeRosa, QualityMetric, Lincoln, RI). Therefore, gender-specific SF-36 scores of patients age Ն14 to Ͻ18 year in the Fabry Registry were compared with gender-specific United States population norms from the Ն18 to Ͻ25 age group as the closest available control (15) .
RESULTS
Patient demographics and onset of symptoms. A total of 352 pediatric patients (age Ͻ18 year at the time of enrollment), including 194 males (55.1%) and 158 females (48.9%) were identified as of November 2, 2007 . Age at enrollment ranged from 0 to 17 year with a median age of 12 year for both genders. At enrollment, 76.8% of males and 50.6% of females reported symptoms. Demographic data are summarized in Table 1 . The median age at diagnosis was 9 year, for both males and females, with 35 males (18.0%) and 20 females (12.6%) diagnosed before the onset of symptoms. The relatively young age at diagnosis reflects the fact that most patients had family members previously diagnosed with Fabry disease.
Males generally experienced the onset of symptoms at an earlier age than females, at a median age of 6 year, compared with 9 year in females (p Ͻ 0.01). Figure 1 summarizes presenting symptoms reported by children at the time of enrollment. The symptom most frequently reported was neuropathic pain, which included episodic pain crises, chronic pain, and acroparesthesias. Neuropathic pain was reported as a presenting symptom more frequently by males (58.8%) than by females (40.5%, p Ͻ 0.001). Males also reported an earlier onset of neuropathic pain, with a median age of onset at 7 year, compared with 9 year in females (p Ͻ 0.05).
Gastrointestinal symptoms captured by the Fabry Registry include abdominal pain and diarrhea. At enrollment, 17.9% of patients reported having gastrointestinal symptoms, which were a presenting symptom more frequently (p Ͻ 0.005) and at an earlier age (p Ͻ 0.02) among males (23.2% at a median age of onset of 5 year) than among females (11.4% at a median age of onset of 9.5 year). However, when data from clinical follow-up assessments were combined with enrollment medical history data, similar percentages of males and females reported abdominal pain (26.7% of all patients) and diarrhea (19.3% of all patients). Overall, 14.2% of pediatric patients presented with abnormal skin findings (i.e., angiokeratomas), at a median age of onset of 7 year in males and 9.5 year in females (p ϭ 0.29, NS). Angiokeratomas were also reported as a presenting abnormality more frequently among males (19.6%) than females (7.6%) (p Ͻ 0.001). Anthropomorphic data. Height and weight measurements were stratified across 6 age categories, as shown in Figure 2 . Among males, median height and weight percentiles were below the US 50th percentile (median 25th percentile, p Ͻ 0.001 for both height and weight). Six males exhibited height percentiles below the normal range (i.e., below the 3rd percentile) and 7 males exhibited weight percentiles below the normal range in at least 1 age group. Conversely, the median weight percentile for females was significantly greater than the US 50th percentile (median weight 75th percentile, p Ͻ 0.001). Six females exhibited weight percentiles above the normal range (i.e., above the 97th percentile) in at least 1 age group. The median height percentile among females was not different from the US 50th percentile (median 50th percentile, mean 57.2%). Males exhibited more variability in height and weight (i.e., a greater range of percentile values), compared with females. Among males, mean height and weight percentiles tended to decline with age.
Sweating and heat and cold tolerance. When data from clinical follow-up assessments were combined with enrollment medical history data, abnormal sweating was reported by 28.4% of males versus 22.2% of females (p ϭ 0.22, NS); abnormal heat tolerance was reported by 28.9% of males versus 24.7% of females (p ϭ 0.40, NS). Abnormal cold intolerance was reported by 18.0% of males versus 10.1% of females (p Ͻ 0.05).
Serious disease manifestations-Vital organ function. At enrollment, a small number of patients presented with abnormal findings that were related to vital organ function. One patient presented with unspecified cerebrovascular signs, 1 patient presented with renal signs, and 2 patients presented with cardiovascular signs, as shown in Figure 1 .
Although only 2 patients presented with cardiovascular signs at the time of enrollment, additional cardiac abnormalities were detected in some pediatric patients at subsequent follow-up clinical assessments. The most common cardiac abnormality detected was valvular dysfunction, which was found in 21 males (22.6%) and 11 females (13.9%), based on the 93 males and 79 females for whom cardiac examination data were available. Nine patients experienced arrhythmias during the pediatric natural history period including 7 males (median age 16, range 12 to 19 year) and 2 females (both at age 12). Five of the males were reported to have sinus bradycardia and 2 were reported to have ectopic atrial rhythms; both females had sinus bradycardia. Each of these patients had been diagnosed with Fabry disease before experiencing an arrhythmia. Several patients also exhibited conduction abnormalities and/or left ventricular hypertrophy, as indicated in Figure 3 .
The occurrence of major clinical events (cardiovascular, renal, or cerebrovascular events, as defined in Methods) was also analyzed, regardless of whether these events occurred before or after enrollment and irrespective of treatment status. When these data were considered, 1 additional patient had an arrhythmia approximately 1 year after the initiation of ERT, a male at age 18. Another male patient was reported to have undergone an unspecified significant cardiac procedure at the age of 14 year, which preceded his diagnosis by 2 year. No patients experienced major cerebrovascular or renal clinical events (defined as having a stroke, renal transplant, or chronic dialysis).
In terms of renal function, eGFR values were Ͼ140 mL/ min/1.73 m 2 among both genders (Table 2) , and 32 patients (22.2%) exhibited eGFR Ͼ170 mL/min/1.73 m 2 . We considered the possibility that these high eGFR values could be related to patients' muscle mass and therefore examined their height and body size. Linear regression analyses indicated that there were no correlations between eGFR and height, eGFR and weight, or eGFR and body mass index, in either males or females (all correlation coefficients Ͻ0.27), suggesting that growth disturbance cannot explain these high eGFR values.
Three patients exhibited abnormally low eGFR values (defined as Ͻ90 mL/min/1.73 m 2 ); a 7-year-old male with eGFR of 89 mL/min/1.73 m 2 , a 4-year-old male with eGFR of 56 mL/min/1.73 m 2 , and a 13-year-old female with eGFR of 73 mL/min/1.73 mm 2 . Among the 86 patients with 24-h urinary protein data available, 4 males and 5 females ranging in age from 2 to 17 year exhibited proteinuria (defined as total protein Ͼ150 mg/24 h); the highest proteinuria value measured in any patient was 1134 mg/24 h in a 15-year-old male (Table 2) . Four additional patients (3 males and 1 female) exhibited microalbuminuria (defined as Ͼ30 mg/24 h), among the 46 patients for whom data were available. Among the 10 patients with proteinuria or microalbuminuria for whom eGFR data were available, 7 had eGFR Ͼ140. The mean eGFR level among these few patients (163 Ϯ 39.7, n ϭ 10) was not significantly different (p ϭ 0.17) than mean eGFR level among the rest of the patients in the cohort (145.8 Ϯ 33.34, n ϭ 134).
Quality of life and pain. SF-36 questionnaire data were available from 10 male patients and 26 female patients Ն14 year of age. Fabry Registry males ages Ն14 to Ͻ18 year reported significantly poorer quality of life than males age Ն18 to Ͻ25 in the general US population in 7 of the 8 SF-36 subscales (all but Role Emotional). Fabry Registry females ages Ն14 to Ͻ18 year reported significantly poorer quality of life in 2 of the 8 subscales (Body Pain and General Health), compared with females age Ն18 to Ͻ25 in the general US population.
Sixty-six male patients reported ever experiencing chronic pain (34.0%), as did 51 females (32.3%) [p ϭ 0.73, NS]. Fewer patients (8.0%) reported ever experiencing acute pain crises, including 19 males (9.8%) and 9 females (5.7%) Figure 3 . Percentage of pediatric Fabry Registry patients ever exhibiting cardiac abnormalities. Males: gray bars; females: black bars. For arrhythmias, percentages were calculated based on the number of patients with echocardiographic or electrocardiographic data available plus any patients who reported arrhythmia as a cardiac clinical event but who did not report cardiac examination data (96 males and 79 females). All other percentages were calculated based on the number of patients for whom cardiac examination data were available (93 males and 79 females). The number of patients in each group is indicated above each bar. Data shown represent natural history data. If patients received ERT, only data occurring before first ERT are included. GFR was estimated by the Schwartz formula, using heights Ϯ3 months from the serum creatinine value. Serum creatinine values ranging from 0.2 to 2.4 mg/dL were included in these analyses. For 24-hr protein levels, any values less than 10 mg were set to a minimum cutoff of 10 mg; no patients exhibited 24-hr protein values greater than 1134 mg/24 hr. Data shown represent natural history data. If patients received ERT, only data occurring before first ERT are included.
* p Ͻ 0.02 by t-test (difference in mean scores between males and females). † The BPI has been validated for patients Ն12 yrs of age. First available scores are summarized. ‡ BPI Question 3: "Worst pain in the last 24 hr" scored as 0 (no pain) to a high of 10 (pain as bad as you can imagine).
§ BPI Question 5: "Average Pain" scored as 0 (no pain) to a high of 10 (pain as bad as you can imagine).
¶ Indicates not significant by t-test (no difference in mean scores between males and females, p ϭ 0.25).
females (p ϭ 0.17, NS). Nineteen percent of all pediatric patients had ever been on pain therapy (18.0% of males and 19.6% of females; p ϭ 0.78, NS).
BPI data were available from 45 patients ages Ն12 to Ͻ18 year old (Table 3) . Thirty-two percent of males reported experiencing their "worst pain in the past 24 h" as being "severe," compared with 3.4% of females. Mean BPI scores for this parameter were significantly higher in males than in females (p Ͻ 0.02). Male patients also tended to report more severe "average pain" than female patients, but the difference between genders in mean BPI scores for average pain was not statistically significant (p ϭ 0.25, NS).
Treatment with ERT in pediatric patients. Among the 352 pediatric patients in the Fabry Registry, 120 males (61.9%) and 21 females (13.3%) have ever received ERT. Patients were classified as symptomatic if they reported having Fabry symptoms at the time of enrollment. Among patients for whom such data were available, 69 of 149 symptomatic males (46.3%) were on ERT at the time of enrollment, compared with only 10 of 80 symptomatic females (12.5%). Two asymptomatic males, but no asymptomatic females were being treated with ERT at the time of enrollment. Among patients on ERT at the time of enrollment, the median age at initiation of ERT was 13 year in males and 11.5 year in females.
DISCUSSION
This study provides detailed analyses on a large, international cohort of pediatric patients with Fabry disease. All data reported are preERT, unless otherwise specified. Thus, these analyses represent the unmodified course of Fabry disease in an untreated population. These patients were diagnosed at a relatively early age (median 9 year), as the majority of patients had family members previously diagnosed with Fabry disease. There are certain limitations associated with this type of study (i.e., voluntary, observational data collection). As different patients may have had clinical assessments at various ages and time intervals, statistical analyses of these data must be interpreted with caution. In addition, while physicians are encouraged to enroll all Fabry patients in the registry regardless of overt signs and symptoms, individuals with more prominent signs and symptoms (typically males) may be more likely to enroll in the registry. These and other factors must be considered when interpreting these data.
The symptom most frequently experienced by this cohort was neuropathic pain, reported by 59% of males and 41% of females at a median age of 7 and 9 year, respectively. BPI scores indicated that 53% of males and 15% of females had experienced moderate or severe pain during the previous 24 h. Despite this, most patients had not received any treatment for pain. This underscores the importance of better pain management in children with Fabry disease, regardless of other associated signs or symptoms.
Gastrointestinal symptoms were the second most common problem, reported by 27% of participants (including 19% with diarrhea), median age of onset of 5 year in males and 9.5 year in females. This is consistent with Ramaswami et al. (11) , who also reported that abdominal cramps and diarrhea are the second most common presenting symptoms of Fabry disease. Although severity of these symptoms was not measured in this study, gastrointestinal disturbances can be severe enough to cause school absences and, in some cases, to mimic inflammatory bowel disease (17) . Future studies of gastrointestinal symptoms in this population should include validated measures that can be compared with general population since gastrointestinal complaints are common in the general population.
Clearly, Fabry disease not only threatens long-term health, but it also poses a significant burden during childhood for both males and females. Future studies using tools designed for pediatric patients are needed to fully assess the burden of Fabry disease in this population.
Interestingly, males had median height and weight values below the US 50th percentile, particularly during adolescence, whereas females had median weight values above the US 50th percentile, but had normal height. This gender difference may be because Fabry disease is typically more severe in males than in females (18, 19) . Alternatively, it may reflect distinct manifestations of the disease between genders.
Two of the 144 patients for whom eGFR data were available exhibited stage 2 chronic kidney disease and 1 patient exhibited stage 3 chronic kidney disease, indicating that some Fabry patients experience serious renal dysfunction during childhood. Most children exhibited eGFR values considerably higher than expected for healthy children and adolescents, which has been estimated as 110 to 140 mg/mL/min/1.73 m 2 (20) . The relatively high eGFR levels exhibited by these patients do not seem to be explained by the growth disturbance that was also seen in this population, although muscle mass was not measured directly. However, these data must be interpreted cautiously, as the predictive equations used to estimate GFR can overestimate GFR in patients who do not have chronic kidney disease (20, 21) . Clearly, determination of actual GFR (i.e., by inulin or Tc99m diethylene triamine pentaacetate clearance) would provide a better measure of renal function. Nevertheless, it is possible that the elevated eGFR levels in these patients reflect renal hyperfiltration. Interestingly, 4 other studies of pediatric patients with Fabry disease have reported similar findings (i.e., relatively high eGFR levels in children) (8 -10,12) . Nine patients exhibited proteinuria and 4 patients exhibited microalbuminuria, indicating some level of renal dysfunction. As GFR decline is likely to be a later manifestation of glomerular damage, we recommend obtaining timed urine protein values or spot protein:creatinine ratios to stage and monitor renal status among pediatric Fabry patients.
Only 2 of 352 patients exhibited overt cardiovascular signs at the time of enrollment. However, when findings from clinical follow-up assessments were included, a surprising number of serious cardiac abnormalities were identified among both genders. Three children had left ventricular hypertrophy (1 male and 2 females). Nine children experienced arrhythmias during the natural history period, including 7 males and 2 females, as early as age 12. When all pediatric data were evaluated (regardless of ERT status), a total of 10 patients (8 males and 2 females) experienced arrhythmias. Early diagnosis and regular cardiac examinations, including electrocardiograms and echocardiography, are clearly an essential part of monitoring and care of pediatric patients with Fabry disease.
None of the children experienced cerebrovascular or renal events during the natural history period (defined as having a stroke, renal transplant, or undergoing chronic dialysis).
Not unexpectedly, males tended to experience all symptoms at an earlier age and at a higher prevalence than females. Originally, females were thought to experience only mild symptoms of Fabry disease (2) . However, it has recently become clear that many females exhibit major complications of Fabry disease (18, 19) . These data demonstrate that females also experience considerable symptoms and some serious manifestations of Fabry disease during childhood.
The prevalence of significant clinical events in the overall Fabry Registry population is much higher than what was observed in the pediatric population, with major renal, cardiovascular, and cerebrovascular events typically occurring during the fourth and fifth decades of life (3, 18) . This age gap provides a potential opportunity to intervene and change the natural history of the disease for patients diagnosed during childhood. Ideally, treatment would alleviate the early symptoms as well as reduce or eliminate the risk of developing life-threatening complications later in life. Among adults, ERT has been shown to reduce glycolipid accumulation in plasma and tissue and to lessen various symptoms of the disease (4 -7). Furthermore, ERT has been shown to be most effective when administered before prolonged accumulation of GL-3 can irreversibly damage renal, cardiovascular, and cerebrovascular tissues (6, 22) . The pediatric studies published to date have not included enough patients with sufficient longitudinal data to determine whether initiation of ERT during childhood will prevent the major organ complications that occur in adulthood (8 -10) . Nevertheless, it is disconcerting that the majority of symptomatic children (53% of males and 87% of females) had not been treated with ERT. Both prospective treatment trials and long-term follow-up studies are essential to assess the impact of treatment on this important group of patients.
In summary, children clearly experience substantial symptoms of Fabry disease. Pain, gastrointestinal symptoms, and impaired quality of life represent the immediate burden. We show for the first time, evidence of impaired physical growth among males with Fabry disease. Furthermore, a small percentage of children with Fabry disease experience serious cardiac and renal manifestations during childhood, emphasizing the importance of early diagnosis, careful monitoring, and appropriate intervention to prevent future complications.
